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ABSTRACT: Bulk and shape-controlled synthesis of gold (Au) nanostructures with various shapes such as prisms, cubes, and
hexagons is described that occurs via microwave-assisted spontaneous reduction of noble metal salts using an aqueous solution of
o-D-glucose, sucrose, and maltose. The expeditious reaction is completed under microwave irradiatio6drs3hd can be

applied to the generation of nanospheres of silver (Ag), palladium (Pd), and platinum (Pt). The noble nanocrystals undergo catalytic
oxidation with monomers such as pyrrole to generate noble nanocomposites, which have potential functions in catalysis, biosensors,
energy storage systems, nanodevices, and other ever-expanding technological applications.

Introduction m’r'f"— :

The metal nanostructures have been the focus of intensive
research in the past several decades due to their potential
applications in fabricating electronic, optical, optoelectronic, and
catalytic properties tailored by controlling their size, shape,
composition, and crystallinity.” Among these parameters,
shape control has proven to be as effective as size control in
fine-tuning the properties and functions of metal nanostruc-
tures8~19 Although several wet chemical approaches have
particle size control for various metallic systems in place, there
has been limited success in gaining bulk control over the shape
of nanocrystalg®-23 Herein, we describe a simple and straight-
forward method for bulk and shape-controlled synthesis of
prisms, cubes, hexagons, and spherical nanostructures of noble
metals such as gold (Au), silver (Ag), platinum (Pt), and
palladium (Pd) by microwave (MW)-assisted spontaneous
reduction of noble metal salts usingp-glucose, sucrose, and
maltose in aqueous sqlution. Currently, there is a.growing needFigure 1. TEM images of Au nanostructures synthesized (low
to develop such ecofriendly proces¥es® that avoid the use  concentration of sugar) using microwave irradiation with (a) sucrose,
of toxic chemicals in the preparative protocol with increased (b) a-p-glucose, or (c, d) maltose. The insets show corresponding
emphasis on the synthesis of nanoparticles using greenerelectron diffraction patterns.
methods® Recently, we accomplished a shape-selective syntheis

of noble nanoparticles and nanowires using vitamim@ihout 0y il icina0. 01N PICL, 0.01N PdCh and0.1 N AgNOs, In the
using any harmful reducing agents, such as sodium borohydride seqf pdcy, andAgNOs, 300mg of poly(vinyl pyrrolidinone)(PVP)
(NaBH;) or hydroxylamine hydrochloride, and or surfactafits.  \asaddedto preventaggregatiorand the formation of silver mirror
Vitamin B, was used as reducing agent as well as capping agent(Tollen’s process)on the surfaceof the glasswalls.

due to its high water solubility, biodegradability, and low

toxicity compared with other reducing agents. In continuation Resultsand Discussion

of our efforts to develop novel greener methods to synthesize . L . . . .
noble nanostructures, herein we report an environmentally Microwave irradiation providesrapid and uniform heating

i i 6—28 i i
benign approach that provides facile entry to production of Of reagentssolvents,and intermediates® ¢ This rapid MW

multiple shaped noble nanostructures, which may find wide- heatingalsoprovidesuniform nucleatiorandgrowth conditions,
spread technological and medicinal applications. leadingto homogeneousanomaterialsvith smallersizes Power

dissipationis fairly uniform throughoutwith “deep” inside-out
heatingof the polarsolventswhich leadsto a bettercrystallinity.
Different techniqueshave beendevelopedto generatemetal

HAuUCI4-4H;0 ando-p-glucose were obtained from Aldrich Chemi-  nanopatrticles. There are two general strategiesto obtain
cal Co. and used <'.':lS received in deionized water. In a typlcal eXperiment,materiajson the nanoscale:a bottom up methodwhere the
an aqueous solution of HAUE(S mL, 0.01 N) was placedina20 mL  a40mg (producedfrom reduction of ions) are assembledo

glass vessel and then mixed with 300 mgeb-glucose. The reaction .
mixture was exposed to high-intensity microwave irradiation (1000 W, generateanostructuresr a top down methodwherematerial

Panasonic MW oven equipped with invertor technology) for38 s. is removedfrom the bulk mate_rial, leaving only the desired
nanostructuresTop down techniquessuffer from the needto

* Corresponding author. Tel: (513) 487-2701. Fax: (513) 569-7677. removelargeamountso_f mate:rial,while bottomup techniques
E-mail: varma.rajender@epa.gov. sufferfrom poormonodispersitglueto the needto arrestgrowth

Similarly, experimentgseeSupportinginformation,sectionS1) were
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Figure 2. TEM images of Au nanostructures synthesized using a high
concentration of sugar: (@)}-p-glucose; (b) maltose; (c) sucrose. The

insets show corresponding electron diffractions.

atthesamepointfor all the nanoparticlesBottomup synthesis
techniquesisuallyemployanagentto stopgrowthof the particle
atthenanoscal@longwith reducingagent?® Cappingmaterials,
suchas a surfactantor polymer are usedin this techniqueto
preventaggregatiorandprecipitationof the metalnanoparticles
out of solution. Choice of the reductiontechnique time, and
cappingmaterial determineshe size and shapeof the nano-
particlesgenerated? However,in the presenstudysugarsserve
amultifunctionalrole, thatis, reducingagentaswell ascapping
agentwhich precludeghe needfor separateappingor theuse
of surfactantgo preventaggregation.

Formation of prisms, cubes,and hexagonsoccurred (see
Figure 1) when the sugar solution was used at a lower
concentration.The inset in Figure 1b shows the electron
diffraction patternfor theindividual nanoprisnmby directingthe
electron beam perpendicularto one of its hexagonalfaces,
indicatingthat eachnanoplatewasa single crystal. Threesets
of spotscould be identified basedon their d-spacing: The
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Figure 3. UV spectra of (A) Ag with (a) sucrose, (lo}-p-glucose, or
(c) maltose; (B) Au with (a) sucrose, (b)p-glucose, or (c) maltose;
and (C) Pt with (a) maltose, (l-p-glucose, or (c) sucrose.

strongesspotscouldbeindexedto the{ 220 reflectionof face-
centeredcubic (fcc) gold. The outer set correspondedo the
{422 Braggreflections.Thesetwo setsof reflectionswereboth
allowed by a fcc lattice. The third setwith very weak spots
could be indexedto (¥3){422 reflection, which is normally
forbiddenby a fcc lattice. The surfacemorphologyof theseAu
nanostructuresobtained using maltose appearedas several
nanowiresalignedtogetherto form a sheet(seeFigure 1d).
At higher sugarconcentrationshowever,the formation of
spherical particles was accomplishedwith o-b-glucose and
sucrosan aqueousnediawithin 30—45 s of MW irradiation.
In contrastAu nanostructurewith differentmorphologiesuch
asprism,cube,andhexagomanostructuresereobtainedusing
maltose(seeFigure 2 and Supportinginformation, Figure S2,
for SEM images and Figure 3 for UV spectra).Electron
diffraction patternsfor Au nanostructuresuggestedhat they
had crystallizedin the fcc structure.The as-synthesized\g
nanoparticlesexhibitedan extinction spectrumdisplayedas a
broadcurveat415nm (seeFigure3a).Au (Figure3b) displayed
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Figure 4. TEM images of Au nanostructures synthesized using an oil

bath at a temperature of 7& with (a) a-p-glucose, (b) sucrose, or (c)
maltose.

a broad absorptionfrom 550 to 900 nm, whereasPt (Figure
3c)andPd (notshown)absorbedaontinuouslyin the UV region.
The controlexperimentsvereconductedn anoil bathat 78
and100°C, thetemperaturgangereachedn MW experiments,
to seethe effect of heatsourceandtime takenfor completion
of thereaction(seeFigures4 and>5). It wasfoundthatthetime
requiredfor completionof thereactionwascomparativelynuch
longerat the sametemperatureasthat reachedn microwave-
assistegbroceduresthe measuredemperaturénsidethereaction
mixture after MW irradiationfor 30—40 s was 78—80 °C.

In oil bathat 78 °C, the reactionwas completedafter 2 h,
andanincreasen temperatureipto 100°C reducedhereaction
time by half an hour. There was a significant differencein
particle morphologyat leastin one caseof sugarasshownin
Figure4; sucroseyieldeduniform cubesof sizesrangingfrom
40to 60 nm. However,no discernibledifferencewasobserved
for a-b-glucoseand maltoseexceptfor the reactiontime and
growthin particlesize.lncreasen temperaturéo 100°C yielded
variousshapesuchasprisms,cubesandhexagonsrrespective
of sugarconcentrationgseeFigure5).

Mallikarjuna and Varma

Figure 5. TEM images of Au nanostructures synthesized using an oil

bath at a temperature of 10C with (a) a-p-glucose with (b) selected

area electron diffraction (SAED) of the sample in panel a and

nanostructures synthesized with (c) sucrose and (d) maltose.

This methodis generaland can be extendedo othernoble
metalssuchasAg, Pd,andPt. However,additionof poly(vinyl
pyrrolidinone) (PVP) is requiredfor Ag and Pd in orderto
overcomethe aggregationobservedin thesecases.Platinum
formednanospheresmangingfrom 5 to 10 nm dependingupon
the sugarsolutionused(seeSupportingnformation,FigureS3).
Using high concentration®f sugarand PVP ascappingagent,
it was possibleto control the particle size of Ag and Pd from
aslow as2 nm up to 15 nm dependingiponthe sugarsolution
used(seeFigure6 for TEM images) Ag formedaverageparticle
sizesof 3.43,5.03,and15.2nm for a-b-glucosemaltose,and
sucrosefespectively and Pd formed averageparticle sizesof
9.13,7.39,and9.10nm for a-b-glucose maltose andsucrose,
respectively. Ag and Pd nanoparticlescrystallized in fcc
symmetryas shownin the insetsof Figure6. In the casesof
Au and Pt, addition of PVP cappingagentwas not necessary
to preventaggregatiorsincethe surfacepassivatiorof Au and
Ptis low whencomparedvith Ag andPd andthe presencef
sugarwasenoughfor reductionandcappingof nanostructures.

These noble metals (synthesizedin presenceof PVP)
underwentcatalyticreactionwith pyrrole at roomtemperature
to generategolypyrrolenanocompositegseeFigures7 and8),
which havepotentialfunctionsin catalysis biosensorsenergy
storagesystemsnanodevicesand other ever-expandindgech-
nological applications.

Conclusions

In summary,we have shownthat nanostructure®f noble
metalswith varying shapesand sizescan be generatedrom
aqueoussugarsolutionsusingMW irradiation.Specifically, (i)
bulk andshape-controlledynthesiof nanostructuresf noble
metalssuchasAg, Pd,and Pt with particlesizesfrom 2 to 15
nm was achieveddependingupon the sugarsolution; (ii) at
higherconcentrationprisms,cubes,andhexagonof Au were
obtained using maltose and spherical nanostructuresvere
obtainedusingoa-p-glucoseandsucrose(iii) by decreasinghe
sugarconcentrationit waspossibleto synthesizeprisms,cubes,
andhexagon®f Au nanostructures bulk quantityirrespective
of the sugarusedfor the preparation;and (iv) this methodis
generalecofriendly,andcompletedn afew secondgo afford
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Figure 6. TEM images of Ag and Pd nanostructures synthesized using MW irradiation in presence of poly(vinyl pyrrolidinone) as capping agent:
(a) Ag with a-p-glucose; (b) Ag with sucrose; (c) Ag with maltose; (d) Pd witip-glucose; (e) Pd with maltose; (f) Pd with sucrose. The insets

show corresponding election diffraction patterns.

— TR

[— LR

Figure 7. Polypyrrole nanocomposites derived from (a) Pd, (b) Pt,
(c) Au, and (d) Ag noble nanostructures synthesized using MW
irradiation in presence odi-p-glucose and poly(vinyl pyrrolidinone)
(PVP).
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Figure 8. UV spectra of polypyrrole nanocomposites with (a) Pd, (b)
Pt, (c) Ag, and (d) Au.

nanostructuresf differentshapesndsizesthatmayfind useful
rolesin catalysis biosensorsenergystoragesystemsnpanode-
vices,and other ever-expandingechnologicalapplications.
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